A microwave-hydrothermal (M-H) method assisted with ultrasonic atomization precipitation was developed for large-scale and fast synthesis of nano-hydroxyapatite (nano-HAP) powder. This technology combines the uniform mixing effect of ultrasonic atomization precipitation at high concentration with the rapid and uniform heating effect of the M-H method, aiming to obtain a high quality product with low agglomeration, homogeneous size distribution, accurate stoichiometry, and high purity while improving the yield. The influences of reaction temperature, reaction time and reactant concentration on the formation of nano-HAP were investigated. The results show that the crystallinity increases significantly and the diameter of nano-HAP increases to some extent, but the length does not change obviously while the reaction temperature increase from 60 C to 160 C and the reaction time ). The obtained nano-HAP powder exhibits a uniform size and good dispersibility, with a size of 87.62 AE 22.44 nm and crystallinity of 0.92, respectively. This study indicates that the M-H method assisted with ultrasonic atomization precipitation is a facile one-pot method for the rapid and large-scale synthesis of highly crystalline, dispersible nano-HAP particles.
Introduction
Hydroxyapatite (Ca 10 (PO 4 ) 6 (OH) 2 , HAP) is a major inorganic component of calcied tissues such as human bones and teeth. 1 It has extensive application prospects owing to its excellent osteoconductive properties and biocompatibility. 2 Generally, HAP is recognized as a good bone replacement material which can form strong chemical bonds with bone tissue and guide the growth of bone without stimulus response and rejection reaction on the tissue.
3 Nano-HAP particles, with appropriate stoichiometry, morphology and purity, have stimulated great interest. 4 The nano-HAP powder has a small particle size, a large specic surface area and a high chemical activity, which can remarkably reduce the sintering densication of ceramic materials and save energy. 5 What's more, nano-HAP has been more widely used due to its excellent performance. It can be used as a carrier material for drugs, proteins and genes. 6, 7 Rareearth doped nano-HAP has great potential as a uorescent probe, 8 and nano-HAP can be used as an adsorbent to purify waste. 9 Some studies have also shown that nano-HAp can signicantly reduce apoptotic cell death and hence improve cell proliferation and cellular activity related to bone growth. 10 There are several methods to synthesize nano-HAP such as hydrothermal, [11] [12] [13] chemical precipitation, 14 Sol-gel method 15 and ultrasonic method. 16 However, there're some problems limit the large-scale preparation and application remain in these methods such as the agglomeration and the nonuniform distribution of nano-HAP. Microwave-hydrothermal (M-H) method is an effective method to overcome these problems, which enables to synthesize the nano-powder with small particle sizes, high-purity and narrow size distribution in a short time. 17 Compared with the general heating process, microwave heating can effectively reduce the thermal stress and the temperature gradient in heated materials, as a consequence, both the core and the surface of materials can be heated quickly and uniformly with high efficient energy transformation. Since then M-H method has successfully synthesized many types of nano-materials including inorganic, metallic, polymeric nano-structures and their composites. [18] [19] [20] The preparation of nano-HAP with M-H method has important economic and efficiency signicance. [21] [22] [23] M-H method was only used to prepare a small amount of nano-HAP. 24, 25 It is effective to increase the reactant concentration so as to achieve large-scale preparation of nano-HAP powders. However, it may cause severe agglomeration of the nanocrystals.
Ultrasonic chemistry is a new method for preparing ultrane powder materials, which can accelerate and control chemical reactions by ultrasonic cavitation. 26 Ultrasonic atomization precipitation method can sufficiently mix the reactants, which may be reducing product agglomeration under high concentration of reactants. In this work, M-H method assisted with ultrasonic atomization precipitation was developed for largescale and fast synthesis of nano-HAP power. The effects of reaction time, reaction temperature and reactant concentration on crystal size, crystallinity, morphology and crystal dispersion of nano-HAP were investigated.
Experimental

Synthesis of nano-HAP power
A 100 mL volume of different concentrations of calcium chlo- ) by ultrasonic nebulizer at a ow rate of 7 mL min
À1
, and maintain the solution having a Ca/P molar ratio of 1.67. In this process, NH 3 $H 2 O is added to the solution to keep the pH of the solution at 10. Aer vigorously stirring for three minutes, the mixed solution was transferred to Teon reactors of the Master-14 (SINEO, China, frequency ¼ 2450 AE 50 MHz). The heating rate is 7 C min À1 when the temperature is below 120 C, and the heating rate is 10 C min À1 when the temperature range is over 120 C. The solution is heated to the set temperature (60, 80, 100,120, 140, 160 and 180 C) and then maintained at this temperature for 1-50 minutes. Aer reaction, the solution was cooled to room temperature, it was washed ve times with deionized water and then freeze-dried for 24 hours to obtain powder sample. In the rst group, the two reactants, 0.668 mol L À1 calcium chloride solution and 0.4 mol L À1 disodium hydrogen phosphate solution, were directly mixed and then reacted at 160 C for 40 minutes by hydrothermal reaction. The heating rate is 7 C min À1 .In the second groups, the mixed two reactants same as rst control group were further treated by ultrasonic nebulizer at a ow rate of 7 mL min À1 . In the third groups, the two reactants, the same as the concentration of the rst group of reactants, were directly mixed and then reacted at 160 C for 40 
Characterization
XRD patterns of the prepared sample were determined by Powder X-ray Diffraction (D8 Advance, Bruker) with CuKa radiation (l ¼ 0.154184 nm), which were recorded in the 2q range of 5-80 . The crystallinity degree and crystallite size of the sample can be calculated from the information provided by the XRD patterns. The formula for calculating the crystallinity of HAP powder is as follows:
where I 300 is the intensity of (300) reection and V 112/300 is the intensity of the hollow between (112) and (300) diffraction peaks of HAP. 27 The crystallinity size of nano-HAP particles was estimated using Scherrer's formula as eqn (2):
The k is a constant varying with crystal habit and chosen to be 0.9, 28 X hkl represents the grain size; l represents the wavelength of the monochromatic X-ray beam and can choose to be 0.15418 nm. b 1/2 represents the full width at half maximum for the diffraction peak of the sample (rad); q represents the diffraction angle of the sample.
The functional groups and purity of the synthetic sample can be determined by Fourier Transform Infrared Spectroscopy (FT-IR, Nexus, Thermo Nicolet, USA) in the wave number region 400-4000 cm À1 .
Scanning Electron Microscopy (SEM, JEM-7500F, JEOL, Japan) was utilized to morphological and microstructural analyses of HAP powder.
The morphology and crystalline structure of nano-HAP were observed in detail by high resolution transmission electron microscopy (HRTEM, JEM2100F, JEOL, Japan).
In order to obtain the size distribution of nano-HAP powder, Dynamic Light Scattering (DLS) was used. 10 mg of nano-HAP powder was dispersed in 10 mL of distilled water with 4 mg of sodium polyacrylate, and then ultrasonicated for 10 minutes to obtain transparent suspension.
The thermal analysis of synthesized nano-HAp powders was determined by Thermo Gravimetric Analysis-Differential Scanning Calorimeter (TG-DSC, STA449F3, NETZSCH, Germany).
The bending strength of ceramics is tested by a universal testing machine (Instron 5967, China). The bending strength is calculated using the three-point bending method. The formula is as follows:
The F is the breaking load, L is the fulcrum span (the span of the fulcrum in this experiment is 30 mm), b is the width of the sample to be tested, and h is the thickness of the sample to be tested.
Osteoblast were obtained from China Center for Type Culture Collection (CCTCC) of Wuhan University. Cells were maintained in a complete DMEM medium with 10% fetal bovine serum. The nano-HAP suspension was diluted to the concentration range of 0.025-0.2 mg mL À1 by using culture media. Cells were inoculated in 96-well plate at a density of 4000 cells per well, then transferred to 37 C and 5% CO 2 incubator at 95% humidity for 24 hours. Then, the original culture medium of 96-well plate was removed and fresh culture medium containing nano-HAP was added. The cells were cultured with nano-HAP for 1-5 days. Cell viability was evaluated using MTT assay. The absorbance (OD values) was measured at 595 nm using a Bio-Tek Synergy HT microplate reader. The calculation formula is as follows:
Results and discussion cantly; when the reaction temperature rises to 100 C, the crystallinity of nano-HAP increases from 0.22 to 0.59; when the reaction temperature rises to 160 C the crystallinity of nano-HAP reaches 0.92. However, there was no further effect on the crystallinity when the reaction temperature continues to increase to 180 C. It can be observed that the full width at half maximum (FWHM) of the nano-HAP becomes narrower as the reaction temperature rises. 29 This indicates that the crystallinity increases with increasing temperature, but it is not linear dependence, and the crystallinity does not increase aer reaching a certain temperature. (Fig. 2a-c) , the effect of temperature on the morphology and dispersion of nano-HAP is obvious. When the reaction temperature is 60 C, the nano-HAP particles are rodlike (Fig. 3a) and the substrate contains a small amount of aky crystals, while the boundary of grains is blurred. This indicates that the sample obtained at this temperature has poor crystallinity, which also proved by the X-ray diffraction patterns. When the reaction temperature is 100 C, aky crystals disappear and the crystals only exist in the form of rod-like (Fig. 2b) . The length of crystal is 57.06 AE 13.02 nm and the diameter is 20.4 AE 4.87 nm. It can be seen that as the temperature increases, the rod becomes signicantly thicker and the dispersibility of the powder was improved. When the reaction temperature is 160 C, the crystals are still rod-like ( Fig. 2c) with a particle size of 64.71 AE 13.61 nm and the diameter is 29.1 AE 3.86 nm. The nanocrystals have fairly smooth surfaces and the boundaries are well-crystallized. Moreover, the agglomeration of particles decreases with increasing temperature and 160 C is the optimal reaction temperature. Fig. 3b , we can see that the crystallinity of the synthesized sample can be up to 0.61 by reacting at 160 C for as short as 1 min and the crystallinity of the sample obviously increases with the increasing of reaction time. However, there is no obvious effect on the crystallinity aer the reaction time increasing to 40 minutes. As shown in the gure (Fig. 4a-c) , the effects of reaction time on the morphology and dispersibility of HAP are obvious. At a reaction temperature of 160 C for 1 min, the obtained sample are needle-shaped (Fig. 4a) , the diameter is 19.6 AE 4.29 nm and the average length is 55.98 AE 18.48 nm. The crystal boundary is clear, indicating that HAP already has a relatively high crystallinity, 30 which corresponds to the X-ray diffraction patterns. When the reaction time prolongs to 20 minutes, the average length of nano-HAP is 56.43 AE 12.87 nm and the diameter is 19.6 AE 4.29 nm, the width is wider and the size distribution is more uniform. Prolonging the reaction time to 40 minutes, the morphology t change little, and the crystal boundary of gains are much more clear. As the reaction time increases, the diameter of the sample increases. These characteristics indicate that nano-HAP with good crystallinity can be synthesized by M-H method within 1 min. Based on the information of SEM images and XRD pattern, 40 minutes is the optimal reaction condition.
In order to realize the possibility of engineering production of nano-HAP, we should increase the concentration of the reactant as much as possible on the premise of keeping uniform size distribution and good dispersibility. As shown in the SEM pictures, the products of Fig. 6a-d have fairly smooth surfaces and the boundaries are clearly demarcated. Moreover, they all have uniform size distribution, good dispersibility and no obvious agglomeration. Well, the interplanar spacing is about 0.342 nm, which corresponds to the (002) crystal plane of HAP crystal structure according to the ICDD-PDF #84-1998. It can be seen from Fig. 6 and Table 1 that when the concentration rises to 0.12 mol L À1 , the length increases. When the concentration increases from 0.12 mol L À1 to 0.4 mol L À1 , the size of HAP grain does not change exceedingly, the dispersibility is good, and no obvious agglomeration was observed. The length of the HAP nanocrystal is 64.7-87.62 nm, he diameter is about 25-30 nm. However, when the concentration reaches to 0.5 mol L À1 , the nano-crystals are agglomerated in large quantities ( Fig. 6e ) with poor size distribution (Fig. S1 †) . This may be caused by the high concentration of the reactants, which is close to the saturated concentration of Na 2 HPO 4 $12H 2 O at normal temperature. The size distribution of samples with different Na 2 HPO 4 $12H 2 O concentration is shown in Fig. 6f , the intensity average particle sizes (diameter) of the DLS did not change signicantly as the reactant concentration increased. Fig. 7b and Fig. 7a , respectively. Comparing Fig. 6d with Fig. 7a , it can be seen that ultrasonic atomization can signicantly improve the dispersibility of crystal grains and decrease the particle diameter. The ultrasonic atomizer can make the high concentration of reactants mixed in the form of fog particles, thus avoiding the serious agglomeration of precursors. Well, it is much more clearly to know this by comparing Fig. 7b with Fig. 7c . Comparing Fig. 7a with Fig. 7c , we can know that even if the ultrasonic spray can make the high concentration of reactant into the mist particles, but because the concentration of reactant is too high, the precursor will have serious agglomeration during the crystallization process. M-H method can signi-cantly improve the dispersibility and reduce the size of nano-HAP, which also proved in Fig. 6d and 7b . Therefore, combining M-H method with ultrasonic atomization can effectively reduce the agglomeration and the size of nano-HAP. Seen from Fig. 8 HAP does not drastically lose below 800 C. 32 There is no obvious steep slope in TG-DSC curve and the percent of weight loss was slowly decreased by 2.05% over the test temperature range, which means the nano-HAP powder has excellent thermal stability. And there are no other endothermic and exothermic peaks up to 1100 C were detected. As it can be seen from Fig. 8b , the percent of weight loss was decreased by 4.93%. It can be seen that the mass reduction of nano-HAP H is much higher than nano-HAP M-H . This may be due to the low crystallinity of the samples synthesized by hydrothermal method, which resulted in crystallization in the sintering process. C in the TG-DSC curve, which may be due to the phase transformation of HAP. To conrm this, the samples are calcined at 990 C for 1 h.
As shown in Fig. 9 , a diffraction peak was found at the d value of 2.8809 in the XRD patterns of HAP synthesized by hydrothermal, which is the strong diffraction peak of b-TCP. It means that the HAP start to transform to b-TCP phase at 990 C. This indicated that the Ca/P ratio of samples synthesized by microwave hydrothermal method was 1.67. However, the Ca/P ratio of samples synthesized by hydrothermal method is not up to 1.67, which was estimated to the phase transformation of HAP into the b-TCP phase at 990 C. The chemical reaction formula is as follows: Ca 10 (P0 4 ) 6 O x (OH) 2(1Àx) / 3Ca 3 (PO 4 ) 2 + CaO + (1Àx) H 2 O. 31 It is obvious that the nano-HAP powder synthesized by M-H method exhibited greater thermal stability than that synthesized by hydrothermal.
The FTIR spectra of HAP synthesized by hydrothermal and M-H method are depicted in Fig. 9b . The strong peaks at 3443 cm À1 and 1638 cm À1 indicate that both H 2 O and OHgroups are present in the sample. In addition, the typical absorption peak of the PO 4 3À ion can also be easily recognized. 34 which show that the sample is incompletely crystallized. However, the product synthesized by M-H method under the same reaction conditions is pure HAP. The results obtained by the FTIR spectrum are highly matched with the XRD patterns.
As a bone repair material, low toxicity and good biocompatibility are essential for nano-HAP. Fig. 10 shows the cell viability of osteoblasts cultured for 1 day, 3 days and 5 days at different nano-HAP concentrations. As shown in the gure, the proliferation of osteoblasts co-cultured with nano-hap was not signicantly inhibited aer 1, 3 and 5 days. The results show that nano-HAP synthesized by M-H method has great biocompatibility and low toxicity, and can be applied to bone repair materials.
As shown in Fig. 11c , the diameter of nanometer hydroxyapatite is about 94.5 AE 30.2 nm, and there is agglomeration between grains. M-H method and hydrothermal method were used to synthesis two kind of nano-HAP powder, which further sintered into ceramics, respectively. The relative density of the two sintered ceramics is 94.5% and 92.1%. The nano-HAP powder prepared by the M-H method has a small particle size and good dispersibility, which facilitate the sintering process of ceramic and improved the relative density of the ceramic. The exural strength of the two sintered ceramics is 95 AE 8.6 MPa and 71.4 AE 7.9 MPa. Generally, the MW electric eld polarizes the molecules, which may couple with the rapid reversal of the electric eld. This interaction causes the molecules to produce high-speed motion and collide, rub and squeeze each other, thereby converting kinetic energy-microwave energy into heat energy. Since this energy comes from the inside of the reactant solvent, the heat transfer medium and convection are not required, and the temperature of the sample can be quickly increased, so that the reactant solvent can be heated comprehensively, rapidly, and uniformly, thereby achieving the purpose of increasing the chemical reaction rate. 36, 37 And the ultrasonic atomization is to convert a solution into mist-like droplet with a certain energy by ultrasonic nebulizer and then spray it into another reaction solution over a large area, so that it is possible to obtain uniformly dispersed and ne nano-powder.
38 Therefore, the M-H method has a greater advantage than the traditional hydrothermal method.
Conclusions
To sum up, high-quality nano-HAP was successfully synthesized by M-H method assisted with ultrasonic atomization precipitation method. Pure HAP nanoparticles with good crystallinity and dispersibility could be synthesized in 40 minutes at the temperature of about 160
C 
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